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Introduction 49
Industry has produced perfluoroalkyl substances (PFASs) and polybrominated diphenyl ethers 50 remote areas depends in part on environmental conditions. Temperature changes influence the 64 partitioning of less-brominated PBDEs between gaseous and particulate phases (Harner and Shoeib, 65 2002) . Photolysis causes the debromination of BDE 209 (Schenker et al.,2008b ) and this reaction is 66 an additional source of less-brominated PBDEs. In contrast, the completely-brominated BDE 209 is 67 present only in the particulate phase (Gouin et al., 2006) . 68
69
The atmospheric long-range transport of PFASs to remote regions is slightly more complicated than 70 for PBDEs Loewen et al., 2008) . Neutral volatile PFASs such as fluorotelomer 71 alcohols (FTOHs) and perfluoroalkane sulfonamide substances are transported mainly in the gaseous 72 phase and may degrade to less volatile perfluoroalkyl acids (PFAAs) including perfluoroalkyl 73 carboxylic acids (PFCAs) and perfluoroalkane sulfonic acids (PFSAs) (Schenker et al. 2008a, Young 74 and Mabury, 2010). These PFAAs can also be directly emitted to the atmosphere by manufacturing 75 
Instrumental Analyses 139
We determined 18 perfluoroalkyl substances (PFBS, PFHxS, PFHpS, PFOS, PFDS, PFBA, PFPA, 140
PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFTrDA, PFTeDA, PFHxDA, 141
PFOcDA; full names in the SI) by high performance liquid chromatography (HP 1100, Agilent 142
Technologies, Waldbronn, Germany) electrospray ionization (negative mode) tandem mass 143 spectrometry (HPLC-ESI(-)-MS/MS; API 3000, AB Sciex, Darmstadt, Germany) using a Synergi 144
Hydro RP 80A column (Phenomenex, USA; 150 x 2 mm, 4 micron). All details and specifications 145 concerning the HPLC-MS/MS measurements are described by Kirchgeorg et al. (2010) . 146
147
We analyzed 8 PBDEs (BDE 28, BDE 47, BDE 99, BDE 100, BDE 153, BDE 154, BDE 183, 148 BDE 209) by gas chromatography -mass spectrometry (GC-MS, 6890N -5975 MSD System, 149 Agilent Technologies) using negative chemical ionization (NCI). Analytes were separated on a HP-150 5MS column (Agilent Technologies, 30 m length, 250 µm diameter, 25 µm film thickness). 151
Specifications and programmed temperatures were adapted from Weinberg et al. (2011a) . Due to the 152 low expected concentrations (< 1 ng L -1 ), PBDEs were detected on the mass to charge ratio 79/81, 153 which is more sensitive compared to the more specific molecular masses. When concentrations were 154 sufficiently high, molecular-specific mass to charge ratios were used (Weinberg et al., 2011a) . 155
Quantification was based on peak areas. Analyte concentrations were calculated with the internal 156 standard method based on response factors using mass-labeled internal standards. Analyte 157 Sample preparation and extraction were conducted in clean labs. PFAS-containing materials were 166 avoided during sampling, preparation, laboratory work and instrumental analysis. Glassware, non-167 glass items, tables, guides and the blade for cutting and handling the core were carefully cleaned 168 with methanol and acetone before each use. Mass-labeled internal standards were used to correct 169 losses occurring during laboratory work and instrumental analyses. Recovery rates (standard 170 deviation in brackets) were determined in a preliminary extraction experiment (n=5) using the 171 extraction procedure described above and were between 79% (±8, PFHpA) and 114% (±3 PFBA) 172 and 85% (±10, BDE 28) and 113% (±7, BDE 153). A set of 4 firn core samples and 1 laboratory 173 blank of 1 L Millipore water were extracted simultaneously. Detected PFASs and PBDEs 174 concentrations were below the quantification limit in the blanks (Table SI 5 Germany) and Origin 8G (OriginLaB Corporation, Northampton, USA). Normal distribution of 182 analyte concentrations was determined using the Kolmogorov-Smirnov-Test. Compounds detected 183 in less than 50% of the samples were excluded from the statistical analyses. Spearman rank 184 correlations were applied to investigate relationships between analytes and firn core parameters. 185
Regression analyses were used to evaluate any trends. 5 year moving averages of pollutant 186 deposition were calculated on the basis of the measured concentrations in the melted ice core 187 samples and the accumulated snow (concentration x snow depth x density). 188
189

Results and Discussion 190
Concentrations and variations 191
Perfluoroalkyl substances 192
PFASs concentrations in all firn core sections between 1996 and 2008 were in the low ng L -1 range. 193
Of the determined PFASs, 12 of 18 examined PFASs (PFOS, PFBA, PFPA, PFHxA, PFHpA, 194 PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFTrDA, PFTeDA) were above the MDL (Table SI 6) . 
Atmospheric deposition rates 232
In order to obtain an approximation of the actual atmospheric deposition to the Alpine region, we 233 calculated average contaminant deposition as described the method section. However, 234
concentrations of persistent organic pollutants are influenced by several post-depositional effects 235 such as volatilization and degradation of compounds, dissolution of substances in meltwater or wind 236 scour of deposited snow (Daly and Wania, 2004; Wania, 1997) . Colle Gnifetti air temperatures 237 during the investigated period were almost always below 0 °C and the borehole temperatures ranged 238 from -12.5°C to -13.5°C, minimizing the risk of snow melt and meltwater percolation. The well-239 preserved chemical and isotopic profiles and the presence of few visible ice lenses in the core 240 confirm the lack of melt. Conditions with mean annual temperatures below 0°C reduce the 241 degradation of persistent organic compounds and affect the re-volatilization of PBDEs and PFASs. 242
However, temperature affects re-volatilization even at low temperatures and may influence BDE 47, 243 BDE 99 and BDE 100 concentrations (Bossi et al., 2008) . Colle Gnifetti is also susceptible to wind 244 erosion, which may enhance the re-volatilization of lighter PBDEs and PFASs (Meyer et al., 2012) . Table 8 ). 255
256
Reported PFAS and PBDE deposition rates (Table 1) provide a limited comparison because 257 precipitation data at the recording sites are influenced by effects other than those influencing the 258 high alpine ice core locations. European ice core data for these compounds is very limited, thus this 259 comparison helps provide a rough contamination level. Average PFAS deposition rates at Colle 260
Gnifetti were up to 4 times higher than in the Canadian Arctic (Young et al., 2007) . Deposition rates 261
at Colle Gnifetti were in the same range as those reported from precipitation in remote regions in 262 Canada (Northern Ontario and Novia Scotia) ( Table 1 ). In Europe, Dreyer et al. (2010) Devon Ice Cap, High Artic Canada (Young et al., 2007) Barsbüttel, Germany Svalbard, Norway (Hermanson et al., 2010) Tatra Mountains, Slovakia 
Sources of PFASs 287
The measured PFAS composition compared to the composition of snow from skiing regions 288 subjected to ski waxes (Freberg et al., 2010) suggests that direct contamination from human 289 activities (skiing, sampling campaigns) is negligible for the sampling location. We therefore assume 290 that PFAS contamination has completely resulted from atmospheric wet and dry deposition. In 291 general, Colle Gnifetti is influenced by the westerly wind systems (Eichler et al., 2004) . During 292 summer months the majority of precipitation arrives by convective activity. In summer the planetary 293 boundary layer is located at higher altitudes and air masses from local sources may be able to reach 294 this altitude (> 4000 m. a.s.l.) (Lugauer et al., 1998) . PFOS to the atmosphere. Low PFOS concentrations on Colle Gnifetti may also result from the 336 different atmospheric transport behavior of directly-emitted PFSAs compared to PFCAs, due to their 337 different gas-particle partitioning and particle size-distribution. PFSAs were reported to be almost 338 100 % absorbed to particles whereas PFCAs showed different partitioning behavior regarding their 339 chain-length (Vierke et al., 2011) . Furthermore, PFSAs tend to absorb to larger particle then PFCAs 340 (Dreyer et al., 2011) . Wet or dry deposition may effectively remove particles before they reach 341 altitudes above 4000 m. 342 343
Sources of PBDEs 344
The analyzed PBDEs may have originated from primary sources such as emissions from 345 manufacturing processes, waste-related facilities, or from the release of PBDE-containing products 346 to the atmosphere (Watanabe, 2003; Weinberg et al., 2011a Weinberg et al., , 2011b PFASs cannot be observed in temporal trend studies conducted in biota. Therefore data regarding 384 temporal trends of < C8 PFCAs are limited. 385
386
The PBDE concentrations and proportions did not indicate any significant trend due to both elevated 387 concentrations in three samples and missing data from concentrations below the quantification limit 388 (Table SI 4 
Conclusions 395
The results of this first study of PFASs and PBDEs in a firn core from the European Alps 396 demonstrate the occurrence, accumulation and recent changes of these persistent organic pollutants 397 in Alpine regions. We did not observe trends in PBDEs, but PFAS changed from PFOA to a PFBA 398 dominated composition. The persistence of PFASs and PBDEs has implications for water resources; 399 as they are likely to be remobilized in glacial meltwater and eventually reach drinking water 400 supplies. Future analyses of natural archives and long-term monitoring programs will demonstrate if 401 governmental regulations and voluntary activities by industry will lead to a reduction of persistent 402 organic pollutants in the alpine environment. 403
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